Recent genetic studies have documented a pivotal growth-regulatory role played by the Cullin 7 (CUL7) E3 ubiquitin ligase complex containing the Fbw8-substrate-targeting subunit, Skp1, and the ROC1 RING finger protein. In this report, we identified insulin receptor substrate 1 (IRS-1), a critical mediator of the insulin/insulin-like growth factor 1 signaling, as a proteolytic target of the CUL7 E3 ligase in a manner that depends onmammalian target of rapamycin and the p70 S6 kinase activities. Interestingly, while embryonic fibroblasts of Cul7 −/− mice were found to accumulate IRS-1 and exhibit increased activation of IRS-1's downstream Akt and MEK/ERK pathways, these null cells grew poorly and displayed phenotypes reminiscent of those associated with oncogene-induced senescence. Taken together, our findings demonstrate a key role for the CUL7 E3 in targeting IRS-1 for degradation, a process that may contribute to the regulation of cellular senescence.
INTRODUCTION
Selective proteolytic degradation by the ubiquitin (Ub)-26S proteasome pathway effectively lowers concentration of a target protein in a timely fashion, thereby regulating numerous biological processes (Hershko and Ciechanover, 1998) . A defining component of this pathway centers at the recognition of a substrate by an E3 Ub ligase, which also recruits an E2 Ubconjugating enzyme. It is the concerted interactions between the bound substrate, the E3, and the Ub-charged E2 that yield polyubiquitinated target protein, which is then delivered to the 26S proteasome for proteolysis.
Of the cellular E3s, the cullin-RING finger multisubunit complexes are the largest family, characterized by two signature components: a cullin (CUL) family molecule containing a conserved cullin domain, and its RING finger partner ROC1/Rbx1/Hrt1 (Petroski and Deshaies, 2005) . Cullins are molecular scaffolds that organize reactive modules to coordinate substrate ubiquitination. In the prototypic Skp1•CUL1•F box protein-ROC1 (SCF) E3, CUL1 is bound to both an Skp1•F box protein module and a ROC1 RING-based Ub core ligase, thereby placing the F box protein (member of a large family of substrate targeting molecules) within the proximity of ROC1, which recruits an E2-conjugating enzyme to allow for the transfer of Ub to the optimally positioned substrate.
A large noncanonical cullin composed of nearly 1700 amino acids, CUL7 (also named p193 or p185), assembles a SCF-like E3 complex containing Skp1, the Fbw8 F-box protein (also called Fbx29), and ROC1 (Dias et al., 2002; Arai et al., 2003; Tsunematsu et al., 2006) . Unlike CUL1, CUL7 does not bind the Skp1 adaptor alone but selectively interacts with the Skp1•Fbw8 heterodimer (Dias et al., 2002) . Recently, Cormier-Daire and colleagues have linked the 3-M syndrome, which is characterized by pre-and postnatal growth retardation, to Cul7 germline mutations, a majority of which have been implicated for loss of the functional cullin domain (Huber et al., 2005) . Consistent with this finding, a more recent report has identified a common Cul7 germline mutation that may be responsible for the Yakuts short stature syndrome (Maksimova et al., 2007) . Moreover, mice studies have revealed that deletion of either Cul7 (Arai et al., 2003) or Fbw8 (Tsunematsu et al., 2006; Tsutsumi et al., 2008) causes profound intrauterine growth retardation. Taken together, the emerging genetic evidence has strongly suggested a pivotal role for the CUL7 E3 ligase in growth control.
CUL7 may have additional functions that include transformation mediated by simian virus-40 (SV40) large T antigen (Kohrman and Imperiale, 1992; Daud et al., 1993; Kasper et al., 2005) , apoptosis (Tsai et al., 2000; Kim et al., 2007) , p53 regulation (Andrews et al., 2006; Dowell et al., 2007; Kaustov et al., 2007; Jung et al., 2007) , and the degradation of cyclin D1 (Okabe et al., 2006) .
In this study, we report the identification of insulin receptor substrate 1 (IRS-1), a critical mediator of the insulin/insulin-like growth factor 1 (IGF-1)-signaling system (Dearth et al., 2007) , as a proteolytic target of the CUL7 E3 and a requirement for mammalian target of rapamycin (mTOR) in this degradation process. In addition, we showed that embryonic fibroblasts derived from Cul7 −/− mice contained elevated levels of IRS-1 and exhibited phenotypes that resemble those associated with oncogene-induced senescence.
RESULTS

The CUL7 E3 Ligase Targets IRS-1 for Degradation
To search for proteolytic targets by the CUL7 E3, we employed a proteomic approach to isolate and identify cellular proteins that were coimmunoprecipitated with Flag-Fbw8, the substratetargeting subunit of the E3 complex, which was expressed constitutively in a HEK293-derived stable cell line (FF8HEK). While silver stain ( Figure 1A ) and immunoblot ( Figure 1B ) analyses confirmed previously demonstrated association between Fbw8, CUL7, Skp1, and ROC1 (Dias et al., 2002) , screening for new Fbw8-associated proteins using mass spectrometry identified two peptides that matched human IRS-1 ( Figure 1A ).
Reciprocal coimmunoprecipitation experiments revealed interaction between V5-IRS-1 and Myc-Fbw8, which were ectopically expressed in HEK293 cells ( Figure 1C, lane 3) . Treatment with the proteasome inhibitor MG132 markedly enhanced this interaction ( Figure 1C, lane 4) . To assess the endogenous association, MCF-7 cell extracts were immunoprecipitated with anti-CUL7 monoclonal antibody, which detected copurification of CUL7 with Fbw8 and IRS-1 ( Figure 1D ). Of note, poor quality of anti-Fbw8 antibody precluded its use for probing endogenous interactions.
Immunoblot and coimmunoprecipitation experiments were performed to determine if MycFbw8 influenced the steady-state level and polyubiquitination status of V5-IRS-1 in transfected HEK293 cells. As shown, Myc-Fbw8 decreased the expression of V5-IRS-1 (Figure 2A , compare lanes 1 and 4), which, however, was restored upon exposing the cells to MG132 (Figure 2A , lane 5), suggesting that Fbw8 promoted proteasomal degradation of IRS-1. In addition, coimmunoprecipitation and immunoblot analyses revealed the presence of high molecular weight HA-Ub conjugates in the V5-IRS-1 immunoprecipitates, which formed only in cells treated with MG132 ( Figure 2A , lane 6), in a manner that was stimulated by overexpression of Fbw8 (lane 7). These results suggest that Fbw8 might promote formation of polyubiquitinated IRS-1, which was degraded by the proteasome rapidly.
To assess specificity, the aforementioned degradation analyses were performed with other F box proteins that include Skp2, βTrCP2, and Fbx22. These F box proteins, however, produced little, if any, effect on the steady-state level of V5-IRS-1 ( Figure 2B ). In addition, deletion of the F box domain in Fbw8, which reduces the association with Skp1 and hence CUL7 and ROC1 (Dias et al., 2002) , decreased Fbw8's ability to induce the degradation of V5-IRS-1 ( Figure 2B , lane 7), consistent with a requirement of the four-subunit CUL7 E3 for promoting proteolysis.
Finally, we measured the decay rate of IRS-1 in the absence of protein synthesis and asked whether it could be increased by overexpression of Fbw8 and CUL7. Cells (MCF-7) were transfected with empty vector or vectors overexpressing Fbw8 and CUL7 and then cultured in the presence of the protein synthesis inhibitor, cycloheximide (CHX), for a subsequent 6 hr period, over which IRS-1 protein decay was monitored. IRS-1 decayed very slowly ( Figure  2C , lanes 1-3), in keeping with previously published observations (Shah et al., 2004) . However, overexpression of Fbw8 and CUL7 markedly accelerated the decay rate of IRS-1 ( Figure 2C , lanes 4-6; graph).
Collectively, the above results, combined with subsequent data using in vitro reconstitution assays ( Figure 5 ), are consistent with a hypothesis that the CUL7 E3 ligase binds IRS-1, promotes its polyubiquitination and degradation by the 26S proteasome, and consequently shortens its half-life.
In humans, there are two close IRS-1 homologs: IRS-2 and IRS-4 (White, 2002) . Our preliminary studies suggest that while Fbw8 promotes the degradation of IRS-4, it did not appear to interact with IRS-2 or to affect its stability (data not shown). The biochemical basis underlying this difference is presently unclear.
Fbw8-Mediated Degradation of IRS-1 Requires mTOR Activity
Ubiquitin-dependent degradation of IRS-1 is a cellular negative-feedback mechanism that attenuates the strength or duration of insulin/IGF-1/PI3-K activation (Harrington et al., 2005) . This process requires PI3-K/Akt-dependent activation of the small G protein Rheb, which activates mTOR and its downstream effector kinase S6K (the p70 S6 kinase) that serinephosphorylate IRS-1, thereby triggering its polyubiquitination and degradation (Harrington et al., 2005) .
To assess whether Fbw8-mediated degradation of IRS-1 is a component of the abovementioned negative-feedback loop, we determined whether this proteolysis was sensitive to rapamycin, which inhibits mTOR, and whether it was stimulated by Rheb, which activates the kinase (Harrington et al., 2005) . Consistent with previous observations (Figure 2C ), MCF-7 cells, when overexpressing CUL7 and Fbw8, exhibited increased rate of IRS-1 degradation ( Figure  3A , compare lanes 1-4 and lanes 5-8). However, exposure of the Flag-CUL7/Myc-Fbw8-expressing cells to rapamycin restored the stability of IRS-1 ( Figure 3A , lanes 9-12; graph), indicating that Fbw8-mediated degradation of IRS-1 is inhibited by rapamycin.
We next examined the influence of Rheb on the steady state of IRS-1 in MCF-7 cells. While overexpression of either HA-Rheb ( Figure 3B, lane 3) or Myc-Fbw8 (lane 2) reduced the levels of endogenous IRS-1 only slightly, coexpression of Rheb and Fbw8 induced effective degradation of IRS-1 (lane 4). This finding suggests that both the Rheb and Fbw8 activities are limiting in MCF-7 cells. While forced expression of Rheb activates mTOR/S6K that in turn serine-phosphorylate IRS-1, elevated levels of Fbw8 promote the assembly of the CUL7 E3 ligase that mediates the ubiquitination of IRS1, leading to its proteasomal degradation.
Of note, V5-IRS-1 was readily degraded in HEK293 cells by overexpressing Fbw8 alone (Figures 2A and 2B) . However, degradation of the endogenous IRS-1 in MCF-7 cells required over-expression of both Fbw8 and Rheb ( Figure 3B ). This discrepancy may be due to a difference in the magnitude of mTOR activity in different cell types under standard cell-culture conditions (10% FBS in DMEM). Consistent with this notion, while a substantial portion of V5-IRS-1 exists in slow-migrating, hyperphosphorylated forms in HEK293 cells (Figures 2A and 2B; verified in Figure S1A , available online), a majority of endogenous IRS-1 appeared in hypophosphorylated species in MCF-7 cells ( Figure 2C , lane 1; Figure 3A , lane 1).
In all, these results suggest that degradation of IRS-1 by the CUL7 E3 requires mTOR activity and may serve as a critical step to restrain IGF-1/PI3-K signaling ( Figure 3C ; see the Discussion).
N-Terminal Half of IRS-1 Mediates Fbw8-Dependent Degradation
Previous studies have identified and implicated multiple mTOR/S6K phosphorylation sites in human IRS-1, including S307, S312, S527, and S636 (Harrington et al., 2004; Shah and Hunter, 2006) . In order to gain insights into the degradation signals that direct Fbw8-mediated proteolysis of IRS-1, we performed both site-directed mutagenesis and deletion experiments. It was observed that a quintuple mutant V5-IRS-1 5A (in which S307/S312/S527/S636/S639 have been substituted with alanines), but not V5-IRS-1 S307A/S312A , V5-IRS-1 S527A , or V5-IRS-1 S636A/S639A , exhibited a partial resistance to degradation by Fbw8 ( Figure 4A , compare lanes 2 and 5 and compare lanes 2, 8, 11, and 14). As shown, four IRS-1 C-terminally truncated proteins, spanning amino acids 1-268, 1-522, 1-574, or 1-626, respectively, were well expressed upon introduction into HEK293 cells ( Figure 4B , lanes 4, 7, 10, and 13). Of these variants, V5-IRS-1 (1-574) and V5-IRS-1 (1-626) were the only two forms capable of mediating degradation induced by Fbw8 (lanes 11 and 14) in an MG132-reversible manner (lanes 12 and 15). Collectively, the above results suggest that (1) IRS-1 contains the destruction signal that mediates Fbw8-imposed degradation, with its C-terminal boundary around position 574; (2) both V5-IRS-1 (1-574) and V5-IRS-1 (1-626) were extensively phosphorylated ( Figure 4B , lanes 19 and 20) and degraded, underscoring a correlation between hyperphosphorylation and Fbw8-induced degradation; (3) the region spanning residues 522-574, which bears S527, is critical for proteolysis; (4) S636/S639 appeared not to be crucial for degradation; and (5) S307, S312, and S527, collectively, may mediate partial instability of IRS-1.
Of note, human IRS-1 (1-574) is devoid of major tyrosine phosphorylation sites for docking PI3-K (Y612, Y632, Y662, and Y732) (Shah and Hunter, 2005) . Yet this fragment appeared in extensively phosphorylated forms ( Figure 4B , lane 19) and was capable of Fbw8-induced degradation in HEK293 cells ( Figure 4B , lane 14). Thus, it seems that at least in some cell types, the mTOR/S6K-catalyzed serine phosphorylation, and hence the degradation, of IRS-1, can be uncoupled from the receptor-mediated tyrosine phosphorylation, possibly due to high levels of mTOR/S6K in these cells. Consistent with this view, it was shown that a fragment of murine IRS-1, spanning amino acids 108-516, was phosphorylated by S6K in vitro (Harrington et al., 2004) .
In Vitro Reconstitution of IRS-1 Ubiquitination by the CUL7 E3 Ligase
To determine whether the CUL7 E3 ligase supported the ubiquitination of IRS-1 in vitro, we employed insect-cell-produced human IRS-1 as a potential substrate and first evaluated its phosphorylation status by treatment with phosphatase or purified S6K. As revealed by immunoblot analysis, while incubation with either bacterial alkaline phosphatase or λ-phosphatase increased gel mobility of human IRS-1 markedly ( Figure 5A , lanes 3 and 5), treatment with purified S6K accumulated the Ser307-phosphorylated form of IRS-1 ( Figure  5B, lanes 3 and 4) . These results suggest that while the insect-cell-produced human IRS-1 was phosphorylated extensively, Ser307, a well-characterized site for S6K (Harrington et al., 2004; Shah and Hunter, 2006) , may be underphosphorylated.
To determine whether Fbw8 bound IRS-1 in vitro in a Ser307-phosphorylation-dependent manner, IRS-1, pretreated with or without S6K, was mixed with GST-Fbw8-Skp1 (shown in Figure S2A ) immobilized to glutathione beads. As shown ( Figure 5C , lane 4), GST-Fbw8-Skp1 interacted efficiently with IRS-1 only when treated with S6K. Omission of S6K (lanes 2 and 3) or substitution of GST-Fbw8-Skp1 with GST (lanes 3 and 5) largely abolished the interaction, demonstrating both the specificity of, and S6K phosphorylation dependency for, this binding reaction. However, because the IRS-1 preparation used was in extensively phosphorylated form ( Figure 5A ), it was unclear whether additional phosphorylation was required for the interaction between IRS-1 and Fbw8. In further support of the in vitro IRS-1-Fbw8 interaction, rabbit reticulolysate-synthesized IRS-1 was found to bind to GST-Fbw8/ Skp1 as well ( Figure S3 ).
To reconstitute ubiquitination in vitro, IRS-1 was preincubated with S6K, and affinity-purified CUL7 E3 (shown in Figure S2B ) was then added to allow the assembly of the substrate-E3 complex. Ubiquitination was initiated by the addition of Ub, E1, and Ubc5c as the E2-conjugating enzyme, and reaction products were analyzed by immunoblot using anti-IRS-1 antibodies. As shown in Figure 5D , high molecular weight IRS-1 species were formed with all components present (lane 2). Removal of IRS-1 (lane 1), the CUL7 E3 (lane 3), Ubc5c (lane 4), or Ub (lane 5) abolished, or markedly inhibited, the reaction, indicating that these high molecular weight IRS-1 forms were the products of polyubiquitination reaction catalyzed by the CUL7 E3 and Ubc5c. Furthermore, as revealed by the kinetic experiment, efficient ubiquitination was detected 15 min after incubation ( Figure 5E , lane 3), at which time point no significant ubiquitination was observed in the reaction lacking the CUL7 E3 (lane 6; see bottom graph for quantitative comparison). Taken together, the above results established that (1) phosphorylation of IRS-1 by S6K stimulated its interaction with Fbw8 and (2) the CUL7 E3 ligase was capable of catalyzing the polyubiquitination of IRS-1 in vitro, thus supporting a premise that the CUL7 E3 targets IRS-1 directly.
Inactivation of Fbw8 or CUL7 Accumulates IRS-1
To further establish IRS-1 as a substrate of the CUL7 E3, we sought to determine whether inactivation of Fbw8 or CUL7 would accumulate IRS-1. First, we employed siRNA to deplete Fbw8 and confirmed the depletion efficiency by using FF8HEK cell line, which constitutively expresses Flag-Fbw8 ( Figure 6A ). (The poor quality of anti-Fbw8 antibodies precluded the assessment of endogenous Fbw8.) When MCF-7 cells were treated with the same anti-Fbw8 siRNA, a marked increase in the level of IRS-1 was observed ( Figure 6B, lanes 2 and 4) .
To evaluate the effects of CUL7 inactivation, we analyzed embryonic fibroblasts derived from Cul7 −/− mice, which were generated as described in the Supplemental Data ( Figures S4 and  S5 ). Immunoblot analysis confirmed the absence of CUL7 expression in the Cul7 −/− MEFs ( Figure S5C) . Remarkably, the Cul7 −/− MEFs accumulated IRS-1 to levels up to 5-fold higher than those observed in normal cells ( Figure 6C, compare lanes 1 and 3) . In the Cul7 +/+ MEFs, treatment with IGF-1 for 30 min stimulated phosphorylation of IRS-1, as judged by the appearance of IRS-1 forms with decreased mobility ( Figure 6C, lanes 1 and 2) . In this setting, IRS-1 in Cul7 −/− MEFs remained at high levels as well ( Figure 6C, lanes 3 and 4) . In addition, quantitative RT-PCR analysis revealed no significant difference in IRS-1 mRNA levels between Cul7 +/+ and Cul7 −/− MEFs ( Figure 6D ). Taken together, the above findings demonstrate that IRS-1 is accumulated in cells deficient or devoid of the CUL7 E3 activity, thus agreeing strongly with the hypothesis that IRS-1 is the substrate of the CUL7 E3 ligase.
Loss of CUL7 Induces Senescence
IRS-1 mediates insulin/IGF-1 signaling by docking a set of key SH2-containing signaling proteins that include PI3-K, Grb2, Nck, and SHP2, thus activating the downstream Akt (via PI3-K) and RAS/MEK/ERK (through Grb2/SOS) pathways (Dearth et al., 2007) . To compare the response by CUL7 −/− and normal MEFs in IGF-1 signaling, extracts derived from cells treated with IGF-1 for varying time points were analyzed by immunoblots. The results revealed that CUL7 −/− MEFs (1) maintained high levels of IRS-1 during the course of IGF-1 treatment and formed slow-migrating species (an indicative of hyperphosphorylated forms) after 30 min of IGF-1 exposure similarly as in the wild-type cells ( Figure 6E , lanes 4-6 and 10-12); (2) exhibited 2-fold increase in the formation of active Akt (Akt pS473 ) at the early time points following the treatment (7.5 and 15 min) in comparison to the normal MEFs ( Figure 6F , graph); and (3) displayed sustained ERK/MEK activation, which was reflected by both magnitude and duration ( Figure 6G , compare lanes 1-6 and lanes 7-12; graph). Of note, CUL7 −/− MEFs contained activated Akt (Akt pS473 ) and ERK (ERK pT202/pY204 ) at levels higher than those observed in the wild-type cells in the absence of IGF-1 treatment ( Figure S6A ), suggesting a constitutive activation of these pathways. In addition, formation of ERK pT202/pY204 in the CUL7 −/− MEFs was inhibited by U0126, which blocks the activity of MEK ( Figure S6B , compare lanes 4 and 10), but not by LY294002 (PI3-K inhibitor, compare lanes 4 and 6). The partial inhibition of ERK activation by PD98059 ( Figure S6B , compare lanes 4 and 8) is likely due to the presence of elevated levels of the active form of MEK (MEK pS217/221 ) in the CUL7 −/− MEFs ( Figure S6C, compare lanes 1 and 2) . As previously demonstrated, PD98059 does not inhibit the activity of MEK pS217/221 (Alessi et al., 1995) . Finally, silencing IRS-1 in CUL7 −/− MEFs by RNAi reduced formation of the active form of Akt (Akt pS473 ) and ERK (ERK pT202/pY204 ), most notably at the early time points after IGF-1 stimulation ( Figure S7 ). These findings are consistent with the hypothesis that increased levels of IRS-1 in the CUL7 −/− MEFs contribute to enhanced activation of Akt and ERK, observed in the presence and absence of IGF-1 treatment ( Figures 6E-6G and Figure S6A ). In agreement with these results, it was observed that overexpression of HA-Rheb and Myc-Fbw8 reduced IRS-1 by 50% in MCF-7 cells, exhibiting a delayed response to IGF-1 for the production of Ser 473 -phosphorylated Akt ( Figure S8 , compare lanes 2 and 3 with lanes 5 and 6).
Of note, Tsutsumi et al. (2008) have reported upregulation of Insulin-like growth factor binding protein 1 and 2 (IGFBPs) in Fbw8 and CUL7 knockouts with subsequent hypophosphorylation of the IGF-1 receptor upon stimulation. Intriguingly, previous studies have shown that both PI3-K/Akt and MEK/ERK are capable of upregulating the expression of IGFBP2 and IGFBP1 (Mehrian-Shai et al., 2007; Frost et al., 2000) , respectively. It is thus conceivable that enhanced PI3-K/Akt and ERK, due to the accumulation of IRS-1 in the CUL7 −/− MEFs, may contribute to upregulation of IGFBPs.
However, Arai et al. (2003) have shown that CUL7 −/− MEFs grew poorly. Confirming this finding, we observed that, at passage 2 and 6, the CUL7 −/− MEFs exhibited a growth rate about 50% and 10%, respectively, of that seen with the normal cells (data not shown), suggesting a rapid decrease in growth capability of the CUL7 −/− MEFs in culture with time. In addition, flow cytometry analysis revealed that CUL7 −/− MEFs had a high G 1 but low S phase population (Figure 7A ), indicating that the CUL7 −/− MEFs are predominantly arrested in G 1 . Finally, an elevation of p16 and hypophosphorylated pRb was observed in the CUL7 −/− MEFs ( Figure  7B ). Of note, we have also observed accumulation of p27 and p21 in the CUL7 −/− MEFs, especially in the late cell passages (data not shown). In all, these findings suggest that the CUL7 −/− MEFs are growth retarded and predominantly arrested in G 1 , correlated with increased expression of p16/p27/p21 and hypophosphorylated pRb.
We evaluated whether CUL7 −/− MEFs were senescent by staining for senescence-associated β-galactosidase activity (SA-β-gal) (Serrano et al., 1997) . The percentage of SA-β-gal-positive cells in CUL7 −/− MEFs was high (>40%) and increased over passage in culture, reaching >60% ( Figure 7C ). In contrast, no more than 8% of the CUL7 +/+ MEFs were SA-β-gal-positive ( Figure 7C ). Moreover, CUL7 −/− MEFs exhibited flat and enlarged morphology ( Figure 7D ), characteristic of senescent cells (Mooi and Peeper, 2006) . Thus, CUL7 −/− MEFs possessed a number of phenotypic features associated with oncogene-induced senescence: sustained activation of MAPK and increased Akt activity, cell-cycle arrest, induction of p16/pRb, enhanced SA-β-gal-activity, and flat and enlarged morphology.
DISCUSSION
Role of CUL7 E3-Mediated Degradation of IRS-1 in mTOR-Triggered Negative-Feedback Loop
Haruta et al. (2000) first observed the proteolytic turnover of IRS-1 during prolonged exposure to insulin, a process that requires PI3-K and mTOR. In addition, the integrity of amino acid residue Ser12, a target of mTOR, was shown to mediate, at least in part, the degradation of human IRS-1 (Greene et al., 2003) . Previous studies have also implicated a role for the SOCScontaining E3 ligases in IRS-1 degradation (Rui et al., 2002) . Despite these advances, however, the cellular mechanisms by which IRS-1 is targeted for degradation by an E3(s) in an mTORdependent manner remained elusive.
Our study identified IRS-1 as a proteolytic target of the CUL7 E3 ligase and revealed a directing role for mTOR/S6K phosphorylation in this degradation process. Fbw8, the substrate-targeting subunit of the CUL7 E3 ligase, was shown to interact with IRS-1 in vivo (Figure 1 ) and in vitro ( Figure 5C ; Figure S3 ). This interaction likely requires phosphorylation of IRS-1 by mTOR/ S6K, because phosphorylation of IRS-1 by S6K at Ser307 stimulated its interaction with Fbw8 in vitro ( Figure 5C ) and the S307/S312/S527/S636/S639 quintuple alanine substitution mutation diminished the ability of IRS-1 to interact with Fbw8 in vivo ( Figure S1B ). Second, overexpression of Fbw8 and CUL7 in different cell types markedly reduced the steady-state level of IRS-1 and shortened its half-life (Figure 2) . The evidence for the requirement of mTOR/ S6K in this degradation includes the following: (1) treatment with rapamycin inhibited the Fbw8-mediated degradation of IRS-1 ( Figure 3A) , (2) overexpression of Rheb stimulated the proteolysis ( Figure 3B ), and (3) elimination of several mTOR/S6K target sites within human IRS-1 yielded a partial resistance to degradation by Fbw8 ( Figure 4A ). Third, using in vitro reconstitution, it was observed that the CUL7 E3 ligase was capable of catalyzing the polyubiquitination of IRS-1 (Figures 5D and 5E ). Lastly, IRS-1 accumulated in cells depleted of Fbw8 by RNA interference and in mouse embryonic fibroblasts deleted of Cul7 ( Figures  6B and 6C ).
On the basis of the above findings, we propose that targeted degradation of IRS-1 by the CUL7 E3 ligase constitutes a core component of the mTOR negative-feedback loop. This E3 recognizes IRS-1 in seryl-phosphorylated forms generated by mTOR/S6K and mediates its polyubiquitination and eventual proteasomal destruction ( Figure 3C ). The mTOR/IRS-1 negative-feedback loop is thought to restrain the activity of PI3-K, whose aberrant activation is a significant contributing factor to cancer initiation and progression. It was shown that circumventing the IRS-1 negative-feedback loop results in enhanced Akt activation as well as more frequent and aggressive hemangiomas (Manning et al., 2005) .
The IRS-1 Degron: Organization and Activation
The nature of the IRS-1 degradation signal (degron) appears to be complex. Combined sitedirected mutagenesis and deletion studies suggest that the IRS-1 degron is located at the Nterminal half of the protein, with the C-terminal boundary around amino acid residue 574 ( Figure 4B ), and that it may feature multiple mTOR/S6K serine residues including S307, S312, and S527 because of their role in mediating partial levels of IRS-1 instability ( Figure 4A ). In vitro, Ser307 phosphorylation by S6K enhanced the ability of IRS-1 to interact with the Fbw8-Skp1 complex ( Figure 5C ). These findings point to a possibility that IRS-1 may contain multiple degron motifs. It is well known that HIF-1α contains a degron/ODD of approximately 200 amino acids that confers oxygen-dependent degradation. The HIF-1α ODD is composed of two separate prolyl hydroxylation motifs capable of interacting with the pVHL E3 ligase (Masson et al., 2001) . It was shown that both prolyl hydroxylation motifs were able to mediate partial levels of HIF-1α instability (Masson et al., 2001 ).
IRS-1 may employ multiple phosphodegron segments, each with suboptimal affinity for Fbw8. In this scenario, full activation of the IRS-1 degron may require a high threshold of mTOR/ S6K activities, which sets this signaling mediator for polyubiquitination and degradation. Alternatively, IRS-1 may possess a single phosphodegron, which could be phosphorylated only after other serine sites, located outside of the degron, had acquired phosphates through the action of mTOR/S6K. This hierarchical order of phosphorylation events has been observed with Cdc25A, where phosphorylation at S76 is a "priming step" required for the phosphorylation of S82 within the "DSG" degron motif, which triggers its interaction with SCF βTrCP for ubiquitination (Donzelli et al., 2004) . This scenario might also set a phosphorylation threshold that requires high levels of mTOR/S6K for IRS-1 degradation. Whatever the case, the requirement of multiserine phosphorylation for the degradation of IRS-1 may reflect a biological need to fine-tune PI3-K signaling in accordance with the magnitude and duration of the mTOR/S6K activity.
Role of CUL7 in Senescence
Oncogene-induced senescence is an antiproliferative program characterized by sequential activation of two opposing, growth-regulating activities. Initially, there must be an oncogenic activation that renders cells hyperproliferative. In response, tumor suppressor activities, mediated by p53 and/or pRB, are turned on to drive these cells into a terminally arrested state (reviewed in Campisi, 2005; Mooi and Peeper, 2006) . Given the robust accumulation of IRS-1 and the associated senescence phenotype observed in the CUL7 −/− MEFs ( Figure 6 and Figure  7 ), our working hypothesis is that aberrant accumulation of IRS-1, resulting from inactivation of the CUL7 E3, is the "oncogenic stimulus" that triggers the onset of cellular senescence, presumably through sustained MAPK activation and/or increased Akt signaling (Figure 6 ), both of which were previously shown to induce senescence (Campisi, 2005; Mooi and Peeper, 2006) . In addition, a previous study by Maier et al. (2004) showed that activated IGF-1 signaling, induced by overexpression of the p53 isoform p44, yielded sustained ERK activation, p21 induction, and senescence. However, the current study does not rule out the possibility that accumulation of an additional unknown substrate(s) of the CUL7 E3 ligase may contribute to the senescence phenotype associated with the CUL7 −/− MEFs. A recent study by Sarkisian et al. (2007) revealed that the majority of Ras-induced senescent cells do not re-enter the cell cycle after downregulation of the oncogenic trigger in vivo, suggesting that the oncogenic activator, while responsible for initiating senescence, may not be required to maintain senescent states. In this regard, IRS-1 was found dispensable for senescence maintenance as RNAi-mediated depletion of IRS-1 was unable to reverse senescence in CUL7 −/− MEFs (data not shown). It is hoped that continuing investigation will produce nondegradable forms of IRS-1, which would allow us to determine whether such mutants could generate high levels of PI3-K/Akt and RAS/MAPK activities that exert constitutive oncogenic stress, leading to senescence response.
IRS-1 is a critical component that mediates insulin/IGF-1 signaling and hence plays an important role in organismal growth and aging. Dysregulation of IRS-1 has been implicated in the pathogenesis of type II diabetes and cancer. Results presented in this study demonstrate a pivotal role for the CUL7 E3 ligase in targeting IRS-1 for Ub-dependent degradation and thus potentially provide new avenues in altering IRS-1 function in a manner that would advance our interest in treatment of human disease. In this context, it is of particular interest to note that this study has uncovered a regulatory function for CUL7 in the onset of cellular senescence, raising hypotheses of whether the CUL7 E3 substrates that include IRS-1, when aberrantly accumulated, may act as an "oncogenic trigger(s)" for senescence and whether senescence is a contributing factor for the pathogenesis of growth retardation observed in patients with 3-M and Yakuts dwarfism syndromes.
EXPERIMENTAL PROCEDURES Reagents
Preparation of plasmids for expression of human IRS-1, truncations, and point mutants, and for assembly of the bacterially expressed GST-Fbw8/Skp1 complex, is described in detail in the Supplemental Data. Plasmids for Flag-CUL7 and Myc-Fbw8 were as described previously (Dias et al., 2002) . HA-Rheb was a gift from Kunliang Guan (University of Michigan). Generation of anti-Fbw8 antibody, and sources for other antibodies as well as ubiquitination reagents used in this study, are described in the Supplemental Data.
Cells
Cul7 −/− mouse embryonic fibroblasts (MEFs) were described in detail in the Supplemental Data ( Figures S4 and S5 ). HEK293 and MCF-7 cells were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum (GIBCO). FF8HEK, a cell line derived from HEK293 and constitutively expressing Flag-Fbw8, was generated by using a procedure as described previously (Dias et al., 2002) . For transfection, expression vectors were introduced into HEK293 or MCF-7 cells by using Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Procedures for cell lysis, immunoprecipitation, and RT-PCR are provided in the Supplemental Data.
CHX Chase Assay
MCF-7 cells were plated at a density of 10 6 per 6 cm diameter dish, allowed to adhere overnight, and then subjected to transfection as described previously. At 42 hr posttransfection, cells were treated with CHX (Sigma) at a final concentration of 25 µg/ml and were harvested at the indicated time.
In Vitro Ubiquitination
Purified human IRS-1 (0.4 pmol) was incubated with S6K (0.01 ng) at 37°C for 15 min in a reaction mixture (20 µl) containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCl 2 , 0.5 mM DTT, 2 mM ATP, 0.1 mg/ml BSA, 2 mM NaF, and 10 nM okadaic acid. Affinity-purified CUL7 E3 (~0.5 pmol; shown in Figure S2B ) was added and the mixture was incubated at room temperature for 5 min. Finally, ubiquitination agents (28 µM PK-Ub, 2 nM E1, and 2 µM Ubc5c) were added, and the final reaction volume was adjusted to 30 µl. Incubation continued (A) Enhanced degradation of IRS-1 in HEK293 cells that overexpress Fbw8. HEK293 cells were cotransfected with vectors expressing V5-IRS-1, Myc-Fbw8, and HA-Ub, singly or in combination. At 42 hr posttransfection, where indicated, cells were treated with MG132 (10 µM) for 6 hr. Extracts (50 µg of protein) were subject to direct immunoblot analysis to monitor the changes in the level of V5-IRS-1 and to reveal the presence of Myc-Fbw8. Equal loading was verified by anti-HSP90 immunoblot. Note that the protein levels of β-actin ( Figure 4B ), HSP90, and Ku70 ( Figure 2C and Figure 6A ) were found unchanged in cells ectopically expressing Fbw8 and/or CUL7, and therefore each serves as an internal control for equal loading of samples in the immunoblot analysis described throughout the text. To reveal polyubiquitination, extracts (~1 mg of protein) from HEK293 cells were immunoprecipitated with anti-V5 antibodies. The precipitates were separated by 6% SDS-PAGE followed by immunoblot with anti-HA antibodies. (B) The specificity of the Fbw8-induced degradation of IRS-1. HEK293 cells were cotransfected with vectors expressing V5-IRS-1, Myc-Fbw8, or other F box proteins as indicated and were analyzed as in (A) . The expression of Myc-Fbw8 or other F box proteins was determined by sequential immunoblot analysis, first reacted with anti-Myc and then anti-HA antibodies, followed by visualization using the Odyssey Infrared Imaging System. (C) CHX chase analysis. MCF-7 cells were transfected with pcDNA3.1 empty vectors (lanes 1-3) or vectors expressing Flag-CUL7 and Myc-Fbw8 (lanes 4-6). At 42 hr posttransfection, cells were treated with CHX (25 µg/ml) and chased for times as indicated. Extracts (50 µg) were separated by 6% SDS-PAGE followed by immunoblot analysis to monitor the levels of 12) . At 24 hr posttransfection, cells were treated with (lanes 9-12) or without (lanes 1-8) rapamycin (100 nM). Twenty-four hours later, CHX (25 µg/ml) was added and chased for times as indicated, followed by immunoblot analysis as described in Figure 2C . (B) Enhanced degradation of IRS-1 by Fbw8 and Rheb. MCF-7 cells were cotransfected with vectors expressing Myc-Fbw8 and HA-Rheb. At 48 hr posttransfection, cells were harvested and the extracts (50 µg of protein) were analyzed by immunoblot to monitor the changes in the level of endogenous IRS-1 and to reveal the presence of ectopically expressed proteins. (C) A model for a role of the CUL7 E3 in the mTOR-IRS-1 negative-feedback regulation. Following insulin/IGF-1-mediated activation of receptors, IRS-1 becomes tyrosylphosphorylated and docks PI3-K, leading to activation of Akt and then Rheb, which turns on mTOR/S6K. The elevated mTOR/S6K serine-phosphorylate IRS-1, which sets the CUL7 E3-dependent ubiquitination and eventual degradation. (A) Elimination of phosphorylation at S307/S312/S527/S636/S639 renders V5-IRS-1 partially resistant to degradation by Fbw8. HEK293 cells were cotransfected with vectors expressing V5-IRS-1, Myc-Fbw8, or various point mutants as indicated and were analyzed as described in Figure 2A . 5A refers to a V5-IRS-1 quintuple mutant, replacing S307/S312/S527/S636/S639 with alanines. Of note, the wild-type V5-IRS-1 and variants V5-IRS-1 S307A/S312A , V5-IRS-1 S527A , and V5-IRS-1 S636A/S639A appeared in hyperphosphorylated forms predominantly (lanes 16-19) . In contrast, nearly half of V5-IRS-1 5A was present in hypophosphorylated species (lane 20) , suggesting that the quintuple mutation significantly reduced hyperphosphorylation of IRS-1. These findings argued for a positive correlation between IRS-1 hyperphosphorylation and Fbw8-imposed degradation. (B) Overexpression of Fbw8 induces the degradation of IRS-1 (1-574) and IRS-1 (1-626). HEK293 cells were cotransfected with vectors expressing Myc-Fbw8, V5-IRS-1 (amino acids 1-1242), or its truncated derivatives as indicated and were analyzed as described in Figure 2A . Extracts (100 µg of protein) from normal or CUL7 −/− MEFs at passage 5 were subject to immunoblot analysis to monitor the levels of p16, pRb, and α-actinin (as a control for equal loading). (C) CUL7 −/− MEFs exhibited elevated levels of β-gal activity. Normal and CUL7 −/− MEFs were stained for senescence-associated β-gal activity using a protocol as described (Serrano et al., 1997) . Top and bottom panels show photographs of the normal and CUL7 −/− MEFs at 100× and 400× magnification, respectively. β-gal-positive CUL7 +/+ and CUL7 −/− MEFs at passage 2 and 5 were quantitated and shown graphically. Note that the graph integrates the results of three independent experiments, with error bars for the calculated standard deviation. (D) Cell morphology of CUL7 +/+ and CUL7 −/− MEFs at passage 2 and 7. Morphology analysis was carried out as described in the Supplemental Data.
